motor units; microvascular units; interstitial space; oxygen diffusion; blood flow regulation BLOOD SUPPLY TO SKELETAL MUSCLE is coordinated with muscle fiber activation, both at the level of individual fibers and at the level of the entire muscle (41) . Stimulation of an individual muscle fiber can lead to the dilation of an adjacent arteriole (17) , whereas active contraction of an entire muscle can lead to significant increases in blood flow (1) . Perfusion is regulated primarily by the terminal arterioles, which dilate in response to fiber activation, increasing flow in downstream capillaries.
Several mechanisms may contribute to the control of capillary perfusion. Signals associated with muscle metabolism that have been shown to affect arteriolar tone include acidity (31) , adenosine (43) , nitric oxide (21) , ATP (39) , K ϩ (29) , and partial pressure of oxygen (PO 2 ) in tissue (9, 17, 23, 30) . Vasoactive mediators applied at the capillaries can induce vasodilation in the upstream arteriole (50, 51) , via conducted electrical responses (45, 47) . This provides a mechanism for modulation of arteriolar tone in response to metabolite levels in the region of tissue fed by an arteriole. In a previous study, we (36) used theoretical models to simulate control of capillary perfusion based on sensing of oxygen levels. A mechanism based on sensing of PO 2 by capillaries and transmission of signals to upstream arterioles was shown to be capable of modulating capillary perfusion in such a way as to provide adequate tissue oxygenation over a range of muscle activation levels. However, given the known sensitivity of arteriolar tone to other metabolites, it is likely that mechanisms other than responses to PO 2 are involved in metabolic regulation of blood flow.
Here, we focus on the interstitial release of K ϩ as a potential mechanism for regulating capillary perfusion. Intracellular concentrations of K ϩ ([K ϩ ]) are ϳ30 times greater than resting concentrations in the interstitial space. In response to muscle activity, K ϩ is released by myocytes (22, 27) in proportion to the number of action potentials (49) and diffuses freely through the interstitial space. Increased [K ϩ ] can lead to vasodilation of peripheral vessels (10, 29, 37) . Excess K ϩ is removed from the interstitial space by passive diffusion of K ϩ into perfused capillaries, where the concentration of K ϩ in plasma is lower, and by active transport of K ϩ into muscle fibers by Na ϩ -K ϩ pumps in the muscle membrane (33) . Muscle fibers surrounding an active muscle fiber have increased Na ϩ -K ϩ pump activity within 5 s of fiber activation (13) .
The functional organization of capillaries and muscle fibers affects the coordination of capillary perfusion with muscle activity. Capillaries are perfused as functional units called microvascular units (MVUs) that consist of 20 -25 neighboring capillaries fed by the same terminal arteriole (2, 8, 24, 38) . Each MVU perfuses a region ϳ200 ϫ 100 ϫ 500 m, such that one MVU supplies parts of multiple muscle fibers (46) . Muscle fibers are grouped into motor units that are sequentially activated. Each motor unit consists of 20 -2,000 fibers dispersed within the muscle innervated by one motoneuron (4) . Fibers belonging to a motor unit intersect regions supplied by many different MVUs. Theoretical simulations (15, 36) , based on the assumption that only MVUs with capillaries adjacent to active fibers are perfused, predicted a nonlinear relationship between fraction of active fibers and fraction of perfused capillaries, as a result of the spatial mismatch between the domains of MVUs and motor units. The number of perfused capillaries increased rapidly at low levels of muscle activation. A model including effects of diffusive spread of oxygen in tissue and based on sensing of local tissue PO 2 by capillaries gave a more nearly linear increase of capillary perfusion with muscle activity (36) .
When skeletal muscle is activated, the energy required for contraction is initially derived from pathways independent of the oxygen supply. Creatine phosphate pathways generate the first readily available supply of energy in the form of ATP during the first 10 s of activation (32) . Oxygen consumption is not maximal until 20 -30 s after initial recruitment (28) . In contrast, increases in muscle blood flow within ϳ5 s of activation are observed (44) . Therefore, mechanisms based on sensing of tissue PO 2 levels are unlikely to be able to cause this rapid increase in blood flow. However, K ϩ is released by working fibers into the interstitial space within 5 s after the start of muscle recruitment (33) . A K The objective of the present study was to use a theoretical model to examine the relationship between motor unit activation, MVU perfusion, and tissue oxygenation, assuming that perfusion is initiated by a rise in interstitial [K ϩ ]. Twodimensional cross sections of muscle were considered. Finitedifference methods were used to simulate the transient spread of K ϩ in the interstitial space after fiber activation and diffusive oxygen transport from perfused capillaries to fibers. Effects of K ϩ removal by perfused capillaries and reuptake by neighboring fibers were included. Perfusion of a MVU was assumed to result in flow in all capillaries of that unit. Two hypothetical mechanisms for triggering MVU perfusion were considered (Fig. 1) . In the first mechanism ("arteriolar response"), flow was initiated in a MVU whenever the [K ϩ ] adjacent to the feeding arteriole exceeded a threshold value. In the second mechanism ("conducted response"), flow was initiated whenever the average level of [K ϩ ] in the tissue fed by capillaries of a MVU exceeded a threshold value. For both mechanisms, the model was used to predict the number of perfused capillaries and the oxygen levels in tissue as a function of the fraction of active muscle fibers. The results were compared with corresponding previous results for tissue PO 2 -dependent control (36) .
METHODS
Configurations of muscle fibers and capillaries. As described previously (36) , locations of muscle fibers and capillaries in skeletal muscle cross sections were obtained from photomicrographs of rat plantaris (26) and rat extensor digitorum longus (EDL) (F. HansenSmith, personal communication). The images were scanned, digitized, and subdivided into pixels, representing 2 ϫ 2-m regions of tissue, each of which was designated as capillary, muscle fiber, or interstitial space. A 600 ϫ 600-m tissue domain was simulated. Regions in the photomicrographs were duplicated as needed in a repeating arrangement to fill the domain. A third configuration consisting of a regular array of identical regular hexagonal fibers was also considered. The resulting configurations (Fig. 2) had capillary densities of 911, 728, and 897 mm Ϫ2 and capillary-to-fiber ratios of 1.56, 1.46, and 0.92, respectively. The tissue domain was divided into eighteen 100 ϫ 200-m regions, and the capillaries within each region were grouped into 1 MVU, such that each MVU contained 11-22 capillaries (Fig.  3) . To simulate the grouping of muscle fibers into spatial distributed motor units, muscle fibers within the tissue region were randomly assigned to 10 equal groups. Effects of increasing levels of muscle activation were simulated by sequentially activating these groups, according to criteria described in Activation sequence of motor units and microvascular units.
Configurations of interstitial space. The photomicrographs were used to estimate the locations of interstitial spaces in the muscle cross section. For numerical simulations of K ϩ diffusion, the interstitial spaces were represented as a set of straight segments lying between muscle fibers. The segments were assumed to be 2.5 m wide so that the overall interstitial volume was ϳ10% of the total muscle volume (35) . Computational nodes were placed at the intersections of segments and along each segment, such that each node was Ͻ4 m from adjacent nodes. The interstitial space was then subdivided into small regions, each associated with a node. K ϩ released by a muscle fiber was assumed to enter the regions associated with adjacent nodes. K ϩ in each nodal region could diffuse to adjacent nodes or be taken up by neighboring fibers or capillaries. K ϩ release. Contraction of a single muscle fiber releases intracellular K ϩ to the extracellular space, raising the interstitial [K ϩ ] approximately in proportion to the strength of contraction (53) . Stimulation of rat soleus muscle in the presence of ouabain (a blocker of the Na ϩ -K ϩ pump) at 1 Hz results in a total rate of K ϩ release of 9.4 eq/kg per stimulus (12) . For simplicity, in the simulation, each muscle fiber was assumed to work at a moderate intensity of 15 Hz (48) with no increase in activation rate with increased contraction strength. Such activity corresponds to a total rate of K ϩ release of ϳ8.5 meq ⅐ kg Ϫ1 ⅐ min Ϫ1 . To estimate the amount of K ϩ released by each fiber, the mass of each contracting fiber was determined by the cross-sectional area and the density of muscle tissue (ϳ1 kg/l, or ϳ10 Ϫ15 kg/m 3 ). The K ϩ released by an active fiber was assumed equally distributed to all interstitial nodes immediately adjacent to the fiber. Rates of release and uptake were expressed per unit crosssectional area of the muscle. (20) . For low levels of intracellular [Na ϩ ] before fiber activation, Clausen et al. (6) found the maximal rate of ouabainsuppressible K ϩ uptake to be 0.55 meq ⅐ kg Ϫ1 ⅐ min Ϫ1 , with halfmaximal uptake at an interstitial [K ϩ ] of 3.8 mM. This transport process was assumed active in all fibers and was represented by a Michaelis-Menten kinetic model. For an interstitial volume fraction of 9.6%, the maximal rate of uptake is equivalent to a reduction of interstitial [K ϩ ] at a rate of 0.09 mM/s. In rat skeletal muscle, the resting interstitial [K ϩ ] is ϳ3.9 mM (16, 19, 42) , corresponding to a basal uptake rate of 0.046 mM/s. Because the net rate of K ϩ uptake is zero when interstitial [K ϩ ] is at its resting value, this uptake rate must be offset by leakage of K ϩ from muscle tissue at an equal rate. The net rate of K ϩ uptake by muscle fibers is therefore given by
A discretized version of the equation for one-dimensional time-dependent diffusion was used to predict steadystate and transient distributions of [K ϩ ] in the interstitial space. The [K ϩ ] at time step n at node i was denoted by K i n . The concentration at node i at the next time step n ϩ 1 was calculated using the concentration in the neighboring nodes. If node i has two neighboring nodes i Ϫ1 and i ϩ 1 at a spacing ⌬x, then
where ⌬t is the time step and E i n and R i n represent the total rates of K ϩ release into and net uptake from the region associated with node i by neighboring muscle fibers at time step n, respectively. A corresponding equation derived by considering conservation of mass is used for nodes at the intersections of segments, which have more than two neighboring nodes. In general, nodes lying within interstitial segments have two neighboring fibers, whereas nodes at intersections have three or more neighboring fibers (Fig. 4C) . The diffusion coefficient D of K ϩ in the interstitial space was assumed to be equivalent to the coefficient of diffusion for K ϩ in aqueous solution at 37°C (2.4 ϫ 10 Ϫ5 cm 2 /s) (18). The release rate E i n is the sum of the rates of K ϩ release by the active fibers adjacent to node i. The uptake rate R i n is obtained by setting [
The plasma concentration of K ϩ in blood flow to the muscle was assumed to be 3.9 mM (3). Perfused capillaries were assumed to function as sinks for K ϩ , and this was implemented numerically by setting [K ϩ ] to 3.9 mM at all nodes of the interstitial space within 2 m of the center of a perfused capillary. A time step of 0.5 ms was used. Steady-state conditions were typically reached after 20 s, for constant rates of K ϩ release and reuptake.
Activation sequence of motor units and microvascular units. Starting with the case in which all fibers were inactive, simulations were carried out for cases in which the active fraction of fibers increased in steps of ϳ0.1. The muscle fibers recruited at each step were randomly selected from the population of previously inactive fibers. At each step, the steady-state distribution of interstitial [K ϩ ] was calculated. Additional MVUs were then perfused according to one of two mechanisms (Fig. 1) . For the arteriolar response mechanism, the feeding arteriole for each MVU was represented as a straight segment 200 m in length lying outside the region supplied by the MVU, with one end of the arteriole located 140 m from the center of the MVU (Fig. 3) (7) . Once perfused, MVUs were assumed to remain perfused for the duration of muscle activity, even if the levels of K ϩ declined below the critical levels once additional MVUs were perfused. The results were compared with corresponding previous results based on sensing of oxygen levels (36) .
Calculation of tissue oxygen levels. In a given simulation, each capillary was designated as perfused or unperfused (36), as described above. In perfused capillaries, the PO 2 was set at a fixed level of 45 mmHg, representative of capillary PO2 levels in active skeletal muscle. Unperfused capillaries were assumed to have no effect on oxygen diffusion. The oxygen demand (M 0) was assumed to be Minactive ϭ 1 cm 3 O2 ⅐ 100 cm Ϫ3 ⅐ min Ϫ1 in inactive fibers and Mactive ϭ 16 cm 3 O2 ⅐ 100 cm Ϫ3 ⅐ min Ϫ1 in active fibers. The relationship between the oxygen consumption and tissue PO2 was described by MichaelisMenten kinetics with half-maximal consumption at a tissue PO2 of P0 ϭ 1 mmHg. A two-dimensional time-dependent diffusion equation with periodic boundary conditions was used to compute the distribution of tissue PO 2 within the simulated muscle cross section:
where P(x,y,t) represents the PO2 at a point (x,y) at time t and ‫ץ‬ denotes a partial derivative. The quantity D␣ was assumed to be a constant, where D is the diffusion coefficient of oxygen in tissue (1.5 ϫ 10
), and ␣ is the solubility (4 ϫ 10 Ϫ5 cm 3 O2⅐cm Ϫ3 ⅐mmHg
Ϫ1
). Equation 3 was solved using a finite-difference method with a spacing of 2 m between grid points and with a 0.5-ms time step. The governing equations were discretized using central differences and solved using an explicit scheme. The computations were continued until the absolute difference in tissue PO 2 between successive time steps was Ͻ2 ϫ 10 Ϫ4 mmHg at each grid point. The tissue PO2 was assumed to be at a steady state when this condition was met. In the initial state, all fibers are assumed inactive. A single, randomly chosen MVU was assumed to be perfused, to meet the quiescent oxygen demand. The number of active fibers was then increased according to the procedure already described, and the steady-state distribution of tissue PO 2 was calculated. To assess the overall level of tissue oxygenation, the "oxygen deficit" was defined as the difference between the total oxygen demand of the region and the total consumption computed according to the Michaelis-Menten relationship, divided by the total demand. The oxygen deficit is a functional index of the amount of hypoxic tissue. Figure 4C shows the predicted distribution of [K ϩ ] in the interstitial space. The interstitial [K ϩ ] ranges from 3.9 mM in tissue near perfused capillaries to Ͼ5.9 mM in regions of tissue with several active muscle fibers and no perfused capillaries. Figure 4D shows the corresponding predicted distribution of tissue PO 2 in the muscle cross section. Regions of high interstitial [K ϩ ] are typically coordinated with regions of low tissue PO 2 .
RESULTS

Spatial distributions.
Comparison of response mechanisms. Predicted fractions of perfused capillaries are shown in Figs. 5 and 6 for a range of muscle activation levels. For the arteriolar response mechanism (Fig. 5) , results are presented for critical maximum [K ϩ ] values of 5 and 6 mM. These results are representative of the behavior predicted for critical values in the range 4.5-8 mM. Results with oxygen-based sensing, assuming a critical PO 2 value of 5 mmHg (36), are shown for comparison. For both K ϩ -and oxygen-based sensing, not all capillaries are perfused even when all muscle fibers are activated. Perfusion of the tissue surrounding an arteriole may keep interstitial [K ϩ ] levels from increasing above the critical level for triggering MVU perfusion. This behavior is a consequence of the spatial separation between the location of the sensor (i.e., arteriole) and the corresponding region perfused by the MVU, and it leads to poor tissue oxygenation at high levels of muscle activation (Fig. 5, bottom) . Results for the conducted response mechanism (Fig. 6) Comparison of the two simulated response mechanisms for MVU perfusion (Fig. 7) shows that the conducted response mechanism is much more effective than the arteriolar response mechanism in limiting the increase in interstitial [K ϩ ] for a given level of muscle activity. The number of perfused capillaries is slightly higher with the conducted response mechanism, which tends to reduce [K ϩ ] levels. However, the major factor causing this difference is the closer matching between the locations of active fibers and the locations of perfused capillaries that is achieved with the conducted response mechanism.
DISCUSSION
Regulation of capillary perfusion. The results presented here support the hypothesis that interstitial [K ϩ ] can act as a mediator for triggering arteriolar vasodilation in response to muscle contraction at the onset of exercise. Release of K ϩ by active fibers causes a rapid increase of interstitial [K ϩ ] to levels sufficient to cause vasoactive responses. The levels of MVU perfusion and tissue oxygenation achieved depend on the locations where the increased interstitial [K ϩ ] is sensed. With sensing by the arterioles (Fig. 5) , MVU perfusion is incomplete at higher levels of fiber activity. In this mechanism, an arteriole supplying an unperfused MVU may itself lie in a well-perfused region, and so [K ϩ ] levels in the tissue surrounding the arteriole may not exceed the critical value needed to trigger vasodilation despite the presence of active muscle fibers within the domain of the MVU supplied by the arteriole. Indeed, the arteriolar response mechanism did not trigger complete perfusion of all MVUs during activation of all fibers even with a critical [K ϩ ] as low as 4.5 mM. In the conducted response mechanism (Fig. 6) , sensing of interstitial [K ϩ ] by the capillaries resulted in better control of tissue oxygenation because of the direct spatial relationship between the sensors and the region of perfused tissue. The predicted MVU perfusion for the K ϩ -based conducted response and arteriolar response mechanisms was found to be similar to that for the corresponding oxygen-based mechanisms over the entire range of muscle activity (36) .
In the simulations, an all-or-none model of MVU perfusion is used. Capillaries in unperfused MVUs are assumed to have zero flow and not to affect tissue K ϩ and oxygen levels. In perfused MVUs, all capillaries are assumed to be perfused and to have fixed PO 2 and plasma [K ϩ ]. The model makes no assumptions or predictions concerning rates of capillary blood flow. In reality, some capillaries in a MVU may flow even at low levels of demand (38) , and flow in fully perfused MVUs can be expected to increase with increasing demand. As a result, the variation in blood flow with muscle activation would differ from the variation in number of perfused capillaries. Actual levels of blood PO 2 and plasma [K ϩ ] depend on capillary flow rates. Simulation of a system, including varying capillary flow rates and effects on plasma [K ϩ ] and blood PO 2 , is possible in principle but would add greatly to the complexity of the model and to the number of arbitrary assumptions that would be necessary.
Interstitial K ϩ levels. Predicted levels of interstitial [K ϩ ] varied throughout the muscle cross section (Fig. 4C) , consistent with experimental observations (25) (14) . Therefore, better regulation of interstitial [K ϩ ] may represent an additional functional advantage of the conducted response mechanism relative to the arteriolar response mechanism.
Rates of K ϩ release and reuptake. The results of the model depend on the assumptions made with regard to K ϩ release and reuptake. The amount of K ϩ released by each action potential in rat skeletal muscle is estimated to range from 4 to 11 eq/kg (13). Human motor units typically discharge over a relatively narrow range of frequencies, from minimum values ϳ8 Hz (40) to maximum values rarely in excess of 30 Hz (11). The simulated stimulation frequency of 15 Hz, therefore, represents a moderate rate of activity consistent with the simulated oxygen consumption rate of 16 cm 3 O 2 ⅐100 cm Ϫ3 ⅐min Ϫ1 in active fibers. The corresponding total release rate of 8.5 meq⅐kg Ϫ1 ⅐ min Ϫ1 for the simulated muscle is within the range of experimentally measured values (34) .
The assumed rate of K ϩ reuptake by the Na (55) showed that a ϳ24% increase in the plasma [K ϩ ] (from 3.8 to 4.7 mM) resulted in a significant increase in blood flow in the forearm. Duling (10) showed that an increase in the [K ϩ ] of the superperfusate from 4.7 to 8 mM also resulted in a significant increase in the diameter of the terminal arterioles. De Clerk et al. (7) showed that an increase of 1 mM in the extracellular fluid was sufficient to trigger vasodilation in small rat skeletal muscle arteries. In the present study, critical [K ϩ ] values from 4.5 to 8 mM were considered for both the arteriolar response and conducted response mechanisms. In general, higher values of critical [K ϩ ] reduced the fraction of perfused capillaries over the range of fiber activity, whereas lower values increased the fraction of perfused capillaries. With the arteriolar response mechanism, however, complete perfusion of all MVUs could not be achieved by reduction of the critical [K ϩ ] value. Results are presented for critical values chosen so that the resulting oxygen deficits were in the same range as those obtained previously with oxygen-based mechanisms (36) , to facilitate comparison with those results. The critical values chosen for the arteriolar response mechanism were higher than the values for the conducted response mechanism because sensing at the arterioles only requires one region of the tissue to be greater than the critical value, whereas capillary sensing was based on an average value over multiple capillaries.
Regulation of perfusion during initial activation. When skeletal muscle is initially activated, the energy requirement can be met by mechanisms that do not depend on the immediate availability of oxygen. The creatine phosphate pathway generates the ATP required for contraction anaerobically during the first 10 s of fiber activation (32) . Even so, blood flow is observed to increase rapidly within ϳ5 s of activation (44) . The present results (Fig. 7) show that the release of K ϩ into the interstitial space by active fibers can be the basis for triggering perfusion in MVUs within 2 s of muscle activation, by either the arteriolar response or the conducted response mechanism. The increase in blood flow that precedes the rise in oxygen demand may have a significant effect on clearing metabolites such as K ϩ from the working muscle. The present results (Fig. 7) show that the early increase in perfusion triggered by the conducted response mechanism can greatly diminish the initial buildup of extracellular K ϩ , which may be important in maintaining fiber excitability and avoiding early onset of fatigue (14) .
Experiments based on exercising human subjects have suggested that delayed activation of the Na ϩ -K ϩ pump is the cause of an initial increase in plasma [K ϩ ] (48). Hazeyama and Sparks (20) showed saturation of the Na ϩ -K ϩ pump within 5 s after initial fiber activation, based on data from Na ϩ -K ϩ pump activity experiments on human red blood cells (54) . However, an initial increase in interstitial [K ϩ ] is observed in our simulations in the absence of any time lag between fiber recruitment and Na ϩ -K ϩ pump activation (Fig. 7) . The experimentally observed increase in plasma [K ϩ ] may be the result of the significant amount of K ϩ removed from the working muscle by the vasculature, before an increased rate of K ϩ reuptake by the Na ϩ-K ϩ pump triggered by an increased intracellular [Na ϩ ].
Conclusion. Increase in interstitial [K ϩ
] is one of several signals that may contribute to the increase in blood flow observed in capillaries adjacent to stimulated muscle fibers at the onset of exercise (2, 17, 52 ). The present model shows that arteriolar dilation triggered by an increase in interstitial [K ϩ ] is capable of coordinating capillary perfusion with muscle activation. A mechanism in which capillaries sense increased [K ϩ ] and stimulate arteriolar dilation via upstream conducted responses is predicted to be effective at all levels of muscle activation. Such a mechanism could contribute to the rapid perfusion observed when muscle is initially activated, and it could play a significant role in preventing [K ϩ ] from reaching levels that might affect the conduction of membrane potentials in muscle fibers. Previously, we focused on the role of local tissue PO 2 as a signal (36) . Given that adequate tissue oxygenation is the primary function of capillaries during sustained exercise, involvement of an oxygen-based feedback mechanism is likely. Sensing of other metabolites, including pH, adenosine, and nitric oxide, may also be involved. At present, however, insufficient information is available to assess the relative contributions of these mediators to the regulation of blood flow in skeletal muscle.
